One-sentence summary: A novel thermophilic l-lactic acid bacterium, Enterococcus faecium QU 50, was isolated. Strain QU 50 showed high lactic acid yield (∼1.0 g g −1 ) from several lignocellulose-derived sugars. QU 50 produced l-lactic acid homofermentatively (∼1.0 g g −1 yield) from low-concentration xylose. QU 50 showed efficient fermentation at 50 • C. QU 50 is the only thermophilic LAB strain that utilizes hexose and pentose sugars homofermentatively.
INTRODUCTION
Optically pure lactic acid (LA) has garnered increasing attention due to its high potential for a wide range of applications, mainly in food, chemical, cosmetic and pharmaceutical industries. Optically pure LA can only be produced by microbial fermentation because chemical synthesis produces racemic dl-LA (Tashiro et al., 2011) . The main microbial LA producers are bacteria and fungi, although the latter exhibits relatively lower productivity and needs complicated requirements for LA production (Abdel-Rahman, Tashiro and Sonomoto 2013a) . Bacterial producers are classified into four main groups: lactic acid bacteria (LAB), Bacillus strains, Escherichia coli and Corynebacterium glutamicum. Unlike the other bacterial producers, LAB produce LA as an anaerobic product of glycolysis with high yield and productivity. LAB are characterized as Gram-positive, non-sporing, catalase-negative, mesophilic (10-45
• C) but aerotolerant cocci or rods that cannot use oxygen as an electron acceptor during sugar fermentation. Therefore, LAB have not included other LA producers such as Bacillus strains and some filamentous fungi (Carr, Chill and Maida 2002) . LAB are comprised of about 20 genera among which the most important are Lactococcus, Enterococcus, Lactobacillus, Streptococcus, Leuconostoc, Pediococcus, Carnobacterium, Oenococcus, Aerococcus, Tetragenococcus, Weissella and Vagococcus (Reddy et al., 2008; Abdel-Rahman, Tashiro and Sonomoto 2013a) . Currently, lignocellulosic biomasses are considered as an economically attractive feedstock for LA production, which does not significantly affect food supply and price. Lignocellulose is composed of cellulose (35-50%), hemicellulose (20-40%) and lignin (10-30%); thus, it contains large amounts of fermentable sugars in the form of glucose and xylose (AbdelRahman, Sonomoto 2011a, 2013a) . Xylose is the second most abundant sugar in nature, next to glucose. It is the predominant pentose of the hemicellulose fraction of hardwoods and agricultural residues, and its percentage is dependent on the type of lignocellulosic biomass (Abdel-Rahman et al., 2014) .
Several studies have showed that glucose-consuming LAB perform homolactic acid fermentation, while all xyloseconsuming LAB perform heterofermentation, producing low LA yields (≤0.676 g g −1 ) and forming by-products, such as acetic acid, formic acid and ethanol, from xylose at low concentrations (<25 g L −1 ) (Bustos et al., 2005; Ohara, Owaki and Sonomoto 2006; Abdel-Rahman et al., 2011b) . To the best of our knowledge, homofermentative LAB that produce LA under low-xylose concentrations have not been isolated. Furthermore, most LAB have an optimal mesophilic fermentation temperature (30-40
• C), which would increase the costs associated with the medium sterilization and coolant water as well as increases the risk of contamination during fermentation. In addition, because of the low activities of saccharifying enzymes at mesophilic temperatures, simultaneous saccharification and fermentation (SSF) of lignocellulosic biomasses has low efficiency (Abdel-Rahman, Tashiro and Sonomoto 2013a). Instead, these enzymes function optimally under thermophilic temperatures (≥50 • C). For example, both cellulase (Balasubramanian et al., 2012) and xylanases have an optimum temperature of 50
• C (Juturu and Wu 2012) .
Therefore, thermophilic and homofermentative xyloseconsuming LAB could be useful tools for efficient LA production from lignocellulosic biomasses, although thermophilic LA producers including Bacillus strains (not LAB) have been recently reported with homofermentative behaviours using xylose as the carbon source (Walton et al., 2010; Wang et al., 2010; Su et al., 2011) . In the present study, a newly isolated thermophilic LAB strain, Enterococcus faecium QU 50, that efficiently produced l-LA from low-concentration xylose in a homofermentative manner is reported. To the best of our knowledge, this is the first reported LAB strain that produces high-yield LA under thermophilic conditions.
MATERIALS AND METHODS

Fermentation media
Modified de Man, Rogosa and Sharpe (mMRS) medium containing xylose was used for cell growth, inoculum preparation and fermentation as described previously (Abdel-Rahman et al., 2011b) . The pH of the medium was adjusted using 10 M NaOH as indicated in each experiment.
Novel LAB isolation and screening
Sixty-five 1-g fertile soil samples were collected from different locations in Egypt and suspended each in 100 mL of 0.85% NaCl. Suspensions (10 mL) were added to 250-mL Erlenmeyer flasks containing 100 mL of mMRS and 20, 50 or 100 g L −1 xylose at an initial pH of 9.0, and were then enriched under anaerobic conditions at 37 
Strain QU 50 characterization and identification
Physiological characteristics of the selected isolate were determined using an API 50 CHL test kit (bioMérieux, Marcy l'Étoile, France) according to the manufacturer's instructions. The 16S rRNA gene (16S rDNA) of the isolate, corresponding to positions 8-1510 of E. coli 16S rDNA, was analyzed using a set of universal primers (8UA, 519M and 1510r), as described previously (Abdel-Rahman et al., 2011c) . DNA sequencing analysis was performed by FASMAC Co., Ltd (Kanagawa, Japan).
Fermentation
A seed culture was prepared by adding 0.4 mL of strain QU 50 glycerol stock to a sterile tube containing 3.6 mL mMRS medium containing 22 g L −1 xylose, and cultivated at 37
• C for 24 h. A preculture was prepared by inoculating the 4-mL seed culture into 36 mL of the same MRS medium in a 50-mL falcon tube at 37
• C for 16 h. Fermentations were performed, with agitation at 200 rpm, in a 1-L jar fermenter (Biott, Tokyo, Japan) with a 400-mL working volume that included 40 mL of preculture broth and 360 mL mMRS medium containing 22 g L −1 xylose. To investigate LA production at different pH values, fermentations were performed at 37
• C in the absence of pH control (initial pH 8.85) or under controlled pH conditions (5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 9.0 and 10.0) that were maintained by the addition of 10 M NaOH by 
+, Positive; (+), 75-89% are positive; V, 26-74% are positive; −, negative; d, discrepancies among reference studies; ND, no data; ± ,weak fermentation. a Shibata et al. (2007) ; b Manero and Blanch (1999) .
using a peristaltic pump connected to an automatic pH controller (PHC-2201, Biott). To investigate LA production at different temperatures, fermentations were performed at 30, 37, 41, 43, 45, 47, 50, 52 and 55 • C under controlled pH conditions (6.5).
Analytical methods
The biomass was estimated based on OD 562 measurements obtained using a spectrophotometer (UV-1600 visible spectrophotometer, BioSpec, Shimadzu, Kyoto, Japan). Xylose and fermentation products were analyzed using a high-performance liquid chromatography system (US HPLC-1210, Jasco, Tokyo, Japan) equipped with a SUGAR SH-1011 column (Shodex, Tokyo, Japan) as described previously (Abdel-Rahman et al., 2011b) . The optical purity of LA was measured using a BF-5 biosensor (Oji Scientific Instruments, Hyogo, Japan) according to the manufacturer's protocol.
RESULTS AND DISCUSSION
Isolation and screening of xylose-utilizing LAB
A total of 128 bacterial isolates were obtained from 65 soil samples. Of them, 122 isolates were catalase-negative. Strain QU 50, isolated from a soil sample collected from Kafr-El-Sheik governorate, Egypt, produced a high l-LA optical purity (≥99.2%) and the highest LA yield (∼1.0 g g −1 ) from an initial xylose concentration of 22 g L −1 of any LAB reported to date.
Strain QU 50 characterization and identification
Strain QU 50 was identified based on physiological characteristics and 16S rRNA gene sequence analysis. The acid formation patterns from various substrates were compared to those of enterococcal reference strains described by Manero and Blanch (1999) , E. faecium No. 78 (Shibata et al., 2007) and the type strain E. faecium JCM 5804 T (Table 1) . Strain QU 50 coccal morphology, catalase negativity, growth at 45 and 50
• C, growth at pH of 9.6 and homolactic acid production from glucose were consistent with two E. faecium strains. In contrast to the other reported E. faecium strains, strain QU 50 could efficiently ferment xylose. Furthermore, strain QU 50 could also ferment most lignocellulose-derived sugars (glucose, arabinose, mannose, galactose and cellobiose) to l-LA homofermentatively with high yields of ca. 1.0 g g −1 (see Fig. S1 , Supporting Information).
Even usage of mixed sugars of glucose and xylose as the substrates, strain QU 50 could effectively convert them to LA homofermentatively with no by-products at LA yield of 1.04 g g −1
(see Fig. S2 , Supplementary Information). Strain QU 50 showed no haemolysis on sheep blood and horse blood agar plates (Eiken Chemical, Tokyo, Japan), which showed the safety of this strain.
A BLAST search of the 16S rRNA gene sequence of strain QU 50 showed that it had 99.0% identity to E. faecium Aus0085 (accession number CP006620.1) and E. faecium NRRL B-2354 (accession number CP004063.1). Based on these results, strain QU 50 was identified as E. faecium QU 50.
LA production from xylose at different pHs and temperatures
Fermentation broth pH has been considered to be a key factor in LA fermentation by several LAB including enterococci (Shibata et al., 2007; Abdel-Rahman et al., 2011b) . Fermentations in mMRS medium containing 22 g L −1 xylose were conducted at 37
• C and different pHs ( ) produced by homofermentation in the shortest time frame (12 h). Therefore, 6.5 was selected as the optimum pH for strain QU 50 and was used in subsequent experiments. Fermentation temperature affects biomass, substrate consumption, as well as LA concentration, yield and productivity (Tashiro et al., 2011; Qin et al., 2012) . Strain QU 50 was cultivated in mMRS medium containing 22 g L −1 xylose at temperatures ranging from 30 to 55
• C under a controlled pH of 6.5 ( components derived from fermentation medium to LA, which would result in high LA yield, as suggested previously (RomeroGarcia et al., 2009) . Several xylose-consuming LAB, including Lactococcus lactis IO-1 (Tanaka et al., 2002 ), E. mundtii QU 25 (Abdel-Rahman et al., 2011b and E. faecium LLAA-1 (Pessione et al., 2014) by using the respective xylose-consuming LAB. To the best of our knowledge, the E. mundtii QU 25 isolate performs homolactic acid fermentation, producing LA yields ranging from 0.844 to 0.904 g g −1 , but only from xylose at high concentrations (≥50 g L −1 ) (Abdel-Rahman et al., 2011b) . In contrast, strain QU 50 fermented xylose even at 22 g L −1 , yielding ∼1 g g −1 LA under controlled pH and temperature conditions of 6.5 and 50
• C, respectively (Table 3) . Furthermore, this strain homofermentatively produced LA from high (≥∼50 g L −1 ) or low xylose concentrations (≥∼6.9 g L −1 ), yielding ∼1.0 and ≥0.870 g g −1 LA, respectively (data not shown). Therefore, a homofermentatively xylose-consuming LAB that functions over a wide range of xylose concentrations was isolated. Thermophilic bacteria have been considered advantageous for the production of valuable substances because they save energy, minimize contamination risk and undergo highly efficient SSF processes at the optimum temperatures for both saccharifying enzymes and LA-producing bacteria. The majority of LAB have optimum temperatures for LA production that are lower than mesophilic conditions (≤40
• C); however, LABmediated LA fermentation under optimum temperatures above 40 • C has been reported for E. mundtii QU 25 (43 et al., 2011c,2013b) and Lactobacillus delbrueckii subsp. lactis QU 41 (43 • C; Tashiro et al., 2011) . A temperature of 50
• C was optimal for LA production by the strain QU 50 isolate, which could produce LA even at a temperature of 52
• C and controlled pH of 6.5 (Table 3) . Although several studies have been reported on homolactic acid production from xylose by thermophilic Bacillus strains (not LAB) Ouyang et al., 2012; Ye et al., 2013) , to the best of our knowledge, this is the first report of efficient LAB-mediated LA production under the thermophilic conditions (≥50 • C). In addition, strain QU 50 could produce LA (concentration; 47.2-50.5 g L −1 , yield; 1.00-1.03 g g −1 ) with no by-products using mMRS medium without sterilization in the repeated batch fermentation with three cycles at 50
• C even under neutral controlled pH of 6.5 (data not shown). Besides, the utilization of sodium hydroxide as a neutralizing agent should facilitate downstream processes by incorporating membranebased technologies such as bipolar electrodialysis due to no formation of insoluble calcium sulphate (gypsum), compared with usage of calcium hydroxide or calcium carbonate (Qin et al., 2010; Abdel-Rahman et al., 2013b) . Therefore, strain QU 50 could be feasibly used for homofermentative LA production from xylose present at various concentrations in hydrolyzates derived from lignocellulosic biomasses, or in SSF processes performed under the optimum temperature for xylanase and where xylose has been detected at low levels (≤24.7 g L −1 ) (Zhang and Vadlani 2013; Zhang et al., 2014) .
CONCLUSIONS
A novel strain, LA-producing E. faecium QU 50, with ability to utilize most lignocellulose-derived sugars (glucose, xylose, arabinose, mannose, galactose and cellobiose) was isolated. The strain fermented xylose homofermentatively to optically pure l-LA (≥99.2%) with a yield of ∼1.0 g g −1 at a controlled pH of 6.5. Moreover, this strain showed an optimal fermentation temperature of 50
• C, facilitating non-sterilized fermentation and favouring SSF of renewable resources. To our knowledge, strain QU 50 is the only thermophilic LAB strain that can metabolize low xylose concentration to l-LA homofermentatively. Future research efforts will focus on analyzing the whole genome sequence of strain QU 50 and the metabolisms of xylose, particularly metabolic shift from homolactic to heterolactic fermentation by controlled pH, by the approaches of transcriptomics, proteomics, metabolic enzymatic assays and so on.
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